We study the influence of the generation conditions on the group delay of attosecond pulses in high-order harmonic generation in gases. The group delay relative to the fundamental field is found to decrease with increasing gas pressure in the generation cell, reflecting a temporal walk-off due to the dispersive properties of the nonlinear medium. This effect is well reproduced using an on-axis phase-matching model of high-order harmonic generation in an absorbing gas. The nonlinear interaction between a focused high-power laser beam and a gas target generates broadband light bursts emitted once every half cycle of the driving field [1, 2] . In the spectral domain, the half-cycle periodicity and symmetry properties of the target gas result in peaks centered at the odd-order harmonics of the driving pulse carrier frequency. The large bandwidth combined with the coherence of the process, inherited from the generating field, yields pulses with a time duration on the attosecond scale [3, 4] . The intrinsic synchronization of the attosecond pulses with the generating field [5] allows for pump-probe experiments on an ultrafast time scale. By cross correlating the attosecond pulse train (APT) with a weak copy of the generating pulse in a detection gas, while monitoring the generated photoelectron spectrum, the phase difference between consecutive harmonic orders can be extracted [5] . Combined with a measurement of the relative spectral amplitudes, this information allows for a reconstruction of the average time structure of the pulses in the train. This is the well-known RABITT scheme (reconstruction of attosecond beating by interference of two-photon transition) for characterization of APTs.
The nonlinear interaction between a focused high-power laser beam and a gas target generates broadband light bursts emitted once every half cycle of the driving field [1, 2] . In the spectral domain, the half-cycle periodicity and symmetry properties of the target gas result in peaks centered at the odd-order harmonics of the driving pulse carrier frequency. The large bandwidth combined with the coherence of the process, inherited from the generating field, yields pulses with a time duration on the attosecond scale [3, 4] . The intrinsic synchronization of the attosecond pulses with the generating field [5] allows for pump-probe experiments on an ultrafast time scale.
By cross correlating the attosecond pulse train (APT) with a weak copy of the generating pulse in a detection gas, while monitoring the generated photoelectron spectrum, the phase difference between consecutive harmonic orders can be extracted [5] . Combined with a measurement of the relative spectral amplitudes, this information allows for a reconstruction of the average time structure of the pulses in the train. This is the well-known RABITT scheme (reconstruction of attosecond beating by interference of two-photon transition) for characterization of APTs.
This technique has recently gained a lot of interest since the comparison of RABITT measurements in different systems, for example, different atomic shells, allows for the determination of their relative photoionization delays [6] . These experiments demand high interferometric stability, on the order of tens of attoseconds, and require control of the timing of the attosecond pulses relative to the fundamental field. In some early implementations of the RABITT scheme [5, 7, 8] , the probe pulse and the generation pulse were both propagated through the generation medium, making it possible to encode the phase relation between the generating and the probing field into the recorded electron spectrogram, but at the same time perturbing the regularity of the pulse train.
In this work, we perform RABITT measurements using an actively stabilized interferometer. We present an experimental study of the group delay of the attosecond pulses relative to the generating field as a function of the gas density in the generation cell. Our results show that the detected pulse train advances by almost 200 as, relative to the fundamental field, as the pressure is increased by a factor of three. This observation is interpreted as a temporal walk-off of the attosecond pulses due to dispersion in the medium and simulated using an on-axis phase-matching model.
The experiments were performed with a Ti:Sapphire femtosecond laser emitting pulses with 20 fs (FWHM) duration, centered around 800 nm, with 1 kHz repetition rate and a pulse energy of 3 mJ. A beam splitter divides the laser output into the probe and the pump arm of a Mach-Zehnder interferometer [see Fig. 1(a) ]. The pump pulse is focused into a 6 mm long cylindrical cell by a 45 cm focal length parabolic mirror. A pulsed gas valve, synchronized with the laser pulses, releases Ar gas into the cell where the XUV light is generated. The instantaneous gas pressure in the cell is stabilized by monitoring the background pressure in the chamber and controlling the valve opening with a feedback loop. The actual pressure in the generation cell is unknown and is assumed to scale linearly with the background pressure. A 200 nm thick aluminium filter blocks the fundamental radiation and acts as an amplitude and phase filter for the harmonic radiation. The probe arm and the generation arm of the interferometer are recombined using a holey mirror, which transmits the XUV APT and reflects the outer portion of the probe beam. A gold coated toroidal mirror focuses both beams into the sensitive region of a magnetic bottle electron spectrometer, where an effusive gas jet provides argon as the detection gas.
The delay is monitored by forming spatial interference fringes between the generation beam and probe beam on the CCD chip of a camera. For this purpose, a small portion of the generation beam is split off with a d-shaped mirror prior to the metallic filter; for the probe beam the portion going through the hole in the recombination mirror is used. A computer program extracts the phase of the spatial fringes and sends a feedback signal to a piezoelectric delay stage in the probe arm. Any perturbation of the optical path length introduced in either of the interferometer arms is, thus, actively compensated for. Furthermore, laser beam-pointing drifts, which could be interpreted as a relative length change of the interferometer arms, are avoided by active beam-pointing stabilization before the interferometer. The precision of the delay stabilization was tested in an out-of-loop measurement. A comparison between the active delay stabilization being turned off and on shows that the standard deviation of the extracted phase delay between the pump and probe pulses drops from 200 as to 50 as, for a measurement taken over 400 s.
The experiment consisted of recording spectrograms of the photoelectron energy as a function of the delay (τ) between the APTs and the infrared (IR) probe field. Sidebands appear between the harmonic peaks in the photoelectron spectrogram due to absorption of a harmonic (q − 1) and an IR photon, or by absorption of the next harmonic (q 1) and emission of an IR photon [see Fig. 1(b) ]. The sideband intensity oscillates as a function of delay [3] , according to
where A and B are quantities that depend on the probability amplitudes of the two processes leading to the same final state and ω is the fundamental angular frequency. The quantity extracted from the measurement, τ q , is a time offset equal to
where ϕ q1 and ϕ q−1 are the accumulated phases along the two quantum paths shown in Fig. 1(b) . ϕ q1 is the sum of the phase of the q 1th harmonic field and the phase accumulated in the two-photon ionization process [6] . τ q can thus generally be written as a sum of two terms, one representing the group delay of the average attosecond pulse in the train and a second term originating from the electronic transition. On the righthand side of Eq. (2), the finite difference is approximated as the derivative of the phase with respect to the angular frequency, Ω qω. Figure 2 summarizes the experimental results presented in this Letter. Figure 2 (a) shows photoelectron spectra obtained at four different pressures in the harmonic generation cell. Each of the spectra has been corrected for the absorption cross section to reflect the spectral properties of the pulse train. In Fig. 2(b) the spectral amplitudes of harmonics 15, 19, and 23 are plotted as a function of the background pressure. High-order harmonics exhibit a greater sensitivity to a pressure change than low-orders. This leads to a bandwidth narrowing and a shift of the spectral envelope toward lower photon energies with increasing pressure. Finally, Fig. 2(c) shows the spectrally-resolved group delay extracted from the sideband oscillations, in the energy range 22-34 eV. The data points were obtained by alternating measurements at a particular pressure and a reference pressure of 2.5 × 10 −3 mbar. The error bars were estimated by considering the variation in five such consecutive measurements. A few important features can be observed. For a given pressure, the group delay increases with harmonic order, meaning that high-order harmonics are delayed relative to low orders (positive chirp). This behavior indicates that the harmonics are dominantly generated from short electron trajectories [5, 9] . The Al filter exhibit negative group delay dispersion in this spectral range and partly compensates for the chirp. The anomalous behavior of sideband 16 can be attributed to the 26.6 eV, 3s 2 3p 6 → 3s3p 6 4p resonant transition to an autoionizing state [10] , affecting the phase of the two-photon ionization process. Finally, over the entire spectral range there is a negative shift of the group delay with increasing generation pressure. Understanding this effect is the focus of this Letter.
We rewrite τ as ϕ p ∕ω q 1ϕ p − q − 1ϕ p ∕2ω, where ϕ p is the (variable) phase of the probe field. Since ϕ p is related to the phase of the pump field, ϕ 1 , by a constant, δ, which does not depend on the generating conditions and in particular not on the pressure in the generating medium, we replace ϕ p by ϕ 1 and Eq. (1) becomes Sτ; q A B cosΔϕ q−1 − Δϕ q1 2δ;
where Δϕ q ϕ q − qϕ 1 is the phase mismatch, i.e., the relative phase between the generated field and the polarization of the medium at the same frequency (qω). The phase mismatch is the sum of several contributions. It includes the phase of the atomic (microscopic) dipole moment, which is related to the accumulated time the electron spends in the continuum [5] as well as the dispersion of the metallic filter. It also includes macroscopic contributions from the upconversion process, such as dispersion in the generation medium and the Gouy phase due to focusing.
For simplicity, we initially assume that the chirp induced by the single atom response ("atto-chirp") is approximately compensated for by an adequate filter. We also assume a homogeneous medium of length, L, and loose focusing, so that the variation of the Gouy phase can be approximated by a linear term. The first part of the argument of the cosine function in Eq. (3) can then be approximated by 2ωτ w , with
Equation (4) has a simple physical interpretation. The right-hand side represents the frequency-resolved temporal walk-off of the attosecond pulse relative to the halfcycle of the fundamental field. In the simple case where absorption can be neglected, Δϕ q ≈ Δk q L∕2, where Δk q represents the wave-vector mismatch between the generated harmonic field and the component of the nonlinear polarization of frequency qω. The harmonics are, on average, generated in the middle of the medium, which explains the factor 1∕2. 2τ w ∕L is then the difference between the inverse of the group velocity (∂k Ω ∕∂Ω) of the attosecond pulse at frequency, Ω, and the inverse of the phase velocity at the fundamental frequency (k 1 ∕ω). In the more realistic case, where absorption is considered, the effective interaction length depends on frequency and the temporal walk-off cannot simply be expressed in terms of velocities, but rather delays. Including absorption and assuming a 1D geometry [11, 12] , the phase mismatch can be expressed as
where κ q is the absorption coefficient at frequency qω. Figure 3 (a) shows numerical estimates of different contributions to Δk q as a function of frequency, using parameters mimicking the experiment (1% degree of ionization, corresponding to a peak intensity of 1 × 10 14 W∕cm 2 , and a confocal parameter of 1.3 cm, with the focus in the center of the 6 mm long cell). The Gouy phase leads to a pressure-independent positive and approximately linear term (dashed-dotted line). The wave vector mismatches due to dispersion in the neutral medium and because of the generated free electrons are shown in solid and dashed lines, respectively. The respective influences of the three contributions change with varying pressure, as shown in Fig. 3(b) . At low pressures, Δk q is dominated by the positive Gouy phase contribution. At higher pressures, it becomes more and more influenced by neutral dispersion, leading to a characteristic decreasing curve. Figure 3 (c) shows Δϕ q at three different pressures. The difference between (b) and (c) arises from absorption, which influences mainly the low harmonic orders, as well as from the coherent buildup process itself, when Δk q ≠ 0 and the coherence length is less than the medium length [see Eq. (5)]. The slope of Δϕ q changes from positive when the Gouy phase is the dominant contribution to Δk q , negative when, instead, dispersion is most important. The group delay therefore decreases over the whole spectral range when the pressure increases, as can be seen in Fig. 3(d) . Figure 4 shows the results of our 1D simulation. The model reproduces qualitatively the main experimental observations. The harmonic spectral envelope shifts to lower photon energies as the pressure increases [ Fig. 4(a) ]. The amplitude exhibits a maximum at the "phase matching" pressure [13, 14] , where the phase mismatch is zero [ Fig. 4(b) ] and the phase matching pressure is almost independent of order. Finally, the group delay decreases by about 80 as from the lowest to the highest pressure [ Figs. 4(b) and 4(c) ]. This variation represents the temporal walk-off of the attosecond pulses relative to the fundamental field as the pressure is varied. As explained, it originates from the dispersion properties of the generating medium and, in particular, the decrease of the refractive index of argon gas for photon energies above the ionization threshold. Its magnitude depends also on the interplay of absorption and phase matching, limiting the effective generation length. The physical length of the generation medium which, under our experimental conditions, could be slightly dependent on the pressure, plays a subordinate role as the accumulated phase mismatch is determined by the absorption length rather than the physical length of the medium. A more quantitative description of our experimental results would require the inclusion of temporal and 3D effects, which is beyond the scope of this Letter.
In conclusion, we find that, with increasing generation pressure, the harmonic spectral envelope shifts toward lower energy and the APT acquires a negative group delay, which we interpret as a temporal walk-off. Consequently, attosecond pump-probe experiments require not only mechanical stability but also a constant pressure in the generation region. Conversely, group delay measurements, such as those presented in this work, give new insights into the generation process, highlighting the role of phase matching on the attosecond time scale. 
